Abstract-A new method for moving target detection, localization, and velocity estimation using SAR raw data is presented which allows the determination of the target's complete velocity vector. The method is applicable if the target has either a tangential velocity ( I l l # 0) or a radial acceleration ( 
I. INTRODUCTION HIS PAPER deals with a method for detection, local-
T ization, and speed determination of moving objects with Synthetic Aperture Radar, SAR. The goal is to detect moving targets in a clutter environment, to recognize it as such, localize it exactly, and to determine its velocity in amplitude and direction so that in addition to the cross section given by the signal amplitude the radial and tangential velocity can be determined. Tangential velocity is the velocity of the moving target in azimuth, flight direction. Radial velocity is the velocity of the moving target in cross flight direction.
The Doppler coding of the received signals, which is produced by the movement of the carrier platform, is decisive for processing of SAR raw data. On principle, an SAR processor with an azimuth bandwidth centered at 0 Hz images all targets of which the Doppler frequency seems to be 0 when the illumination direction of the radar is orthogonal to the flight direction. This is why fixed targets can be focused and positioned precisely.
However, targets that have a different relative speed to the airplane than the fixed targets might not be indicated or focused; respectively depending on a different Doppler frequency, they will be displaced to different positions in the image. The tangential displacement compared to the original, real position is a direct measure for the radial velocity.
The problem of the effects of moving targets in relation to location, velocity, amplitude, and so on, using SAR, was first investigated by K. Raney [l] . Nowadays, however, the observation and measurement of moving targets are growing in importance because of the highly developed computer technologies and the SAR Processing technique. The moving target indication (MTI) literature is very extensive. We choose the following four methods to represent the state of the art. 1) Reference [2] proposes a radar with very high pulse repetition frequency and a narrow azimuth antenna beam. Moving targets can be perceived and their radial velocity determined. 2 ) In addition to [2] , the use of a radar system with two or more antennae displaced in the along track direction is proposed in [3] , [IO] , and [ l l l . These methods allow high accurate moving target localization, velocity determination and subclutter visibility. 3) In [4] , a multilook method is proposed in which the positions of moving targets are determined by observing several images taken in a time series (multilook).
4) In 1.51, the use of a Wigner Ville Distribution for detecting and focusing moving objects is proposed. The method proposed in [ 2 ] needs a long antenna for detecting slow moving objects. It allows only an accurate measurement of the radial velocity; the determination of the tangential velocity is not precise.
The methods reported in [3] , [IO] , and [ 111 are very precise but need a high hardware effort due to the multi-antennae and multichannel radar system technology.
The methods proposed in [4] , as well as in [5] , work with a simple radar hardware but need a high computation effort.
With the method presented in the following chapters, the task will be solved by analyzing the azimuth spectrum of raw data. In analyzing an azimuth spectrum, the RDM will be used [6] , which is a method for determining the frequency shift of the backscattering behavior of the azimuth spectrum. The method will be extended for the detection, localization, and determination of the tangential as well as radial velocity of moving objects. The method used for analyzing the azimuth spectrum of the raw data will be described in detail below. By using an array-processor or a parallel computer, respectively, the method can be implemented in real time or off-line with a conventional computer system.
RDM FOR STATIONARY TARGETS
The Reflectivity Displacement Method (RDM) extracts the displacement or positioning error in the line-of-sight (LOS) direction and the aircraft's ground forward velocity from the radar raw data. These quantities have been used to effect 0196-2892/95$04.00 0 1995 IEEE the desired motion compensation [6] . The basic idea is that time adjacent data records from strong overlapping terrain regions will have similarly shaped power spectra that exhibit a relative Doppler shift A f due to the aircraft motion. A time sequence of such Doppler shifts may be resolved by filtering into components associated with velocity in the direction of flight and acceleration along the LOS direction. The power spectra are characterized by their indices in time (azimuth) and are hereafter referred to as azimuth power spectra. An azimuth power spectrum is obtained as the squared magnitude of the Fourier transform of a data record.
To decrease the speckle of the azimuth spectrum, one determines the azimuth power spectra of a group of successive range bins and averages them. By averaging N s azimuth power spectra belonging to successive range bins which are statistically independent, one obtains the averaged azimuth power spectrum, where the standard deviation of the speckle is reduced by a.
The measurement of the frequency shift A F can be carried out by simply determining the position of the maximum of the cross-correlation between two adjacent azimuth power spectra. Considering a strip mapping SAR, where the LOS direction is perpendicular to the flight direction, the frequency shift AF(t) between two adjacent power spectra is equal to [6] ( 1) where R. is the range of the bin of the azimuth power spectra, V,(t) is the aircraft's forward velocity, nb(t) is the aircraft's acceleration in the LOS direction, X is the wavelength of the transmitted signal and At is both the length of the record used in forming each azimuth power spectrum and the time interval between two adjacent azimuth power spectra (there is no overlap of data in the time domain). The first term of (1) can be expressed as
where 4 is the angular change in position of the radar relative to the reflections in the scene. In the second term, ~( t ). (3)
PRF is the pulse repetition frequency of the radar. r is the ratio between the standard deviation and the mean of the ground reflectivity. Reference [7] shows that r = 1 for land surfaces.
One obtains the first and second terms of (1) by filtering A F ( t ) with a low pass and a high pass filter, respectively.
The low pass filter has the frequency limit f , and the high pass filter the frequency limit f a . The displacement in the LOS direction is obtained by twice integrating the acceleration in the LOS direction.
The forward velocity V,,(t) calculated from AF(t) has an error with the following standard deviation [7] :
where 7, is the mean value of Vv(t).
The primary condition to implement the RDM is the use of a wide azimuth antenna beam. If the antenna azimuth beamwidth is large enough, one obtains more than one level transition in an azimuth power spectrum because of the ground reflectivity variation. This ensures the success of the determination of AF(t) through the spectrum cross-correlation method. For Europe, one obtains an average of about four level transitions of the ground reflectivity function per km. The azimuth beamwidth should illuminate at least 250 m on the ground, Le.,
( 5 ) L S A is the maximum synthetic aperture length.
EXTENSION OF THE RDM TO MOVING TARGETS
Let us consider a moving target with the tangential velocity WT and the radial velocity w~. Equation (1) can be extended to
. (V,(t) -7 i~( t ) ) '
. At
X . R AFm(t) = -(6) where u T ( t ) has the same direction as Vt,(t) and i)R(t) the same direction as ab(t). AF,,,(t) is the frequency shift and i )~( t )
the radial acceleration of the moving target.
The Doppler rate D m ( t ) of the moving target is given by AF,,(t)/At. Considering that the aircraft motion errors are known and motion compensated, i.e., Vu(t) = V,. and Q ( t ) = 0. the Doppler rate of the moving target can be expressed as
Considering the moving target with a large radar cross section, a peak will appear in the azimuth spectrum as shown in Fig. 1 . The frequency shift of this peak will influence strongly the position of the maximum of the cross-correlation between two azimuth power spectra. The frequency shift A F ( t ) between two adjacent power spectra becomes approximately the same as of the moving target given by (6). In Fig. 1 the frequency shift between both spectra is about 71 Hz. This value can also be obtained through the cross-correlation between these spectra. Considering (7) 952 Hz are used to form the azimuth spectra. To reduce the fading of the azimuth spectrum, 32 azimuth power spectra of a group of successive range bins were calculated and averaged = 32). The main peak of the spectra corresponds to a car on the runway in Oberpfaffenhofen moving with a ground velocity of 100 km/h antiparallel to the aircraft. Note the negative frequency shift suffered by the car of the latest azimuth spectrum. Around the main peak we see the clutter spectrum, whose shape is related to the azimuth antenna pattern.
0.0566 m. R = 1080 m, and i j~( t ) = 0. we get a car tangential velocity of 83 km/h. Then, the RDM is able to directly measure the frequency shift and the Doppler rate (7) of a moving target, if its radar cross section is high enough.
The radar cross section of the moving target can be determined as follows.
The frequency shift obtained through the spectra crosscorrelation is equal to the frequency shift of the moving target if the signal to clutter ratio of the moving target is at least 6 dB (TOT > noTL + 6 dB.
where OOT is the backscatter ratio of the moving target and con is the peak backscatter ratio of the other channels of the azimuth spectrum. Therefore, the RDM does not allow an MTI with subclutter visibility. The signal to clutter ratio of Fig. 1 is about 5 dB. The instantaneous field of view (IFOV) of the moving target in the azimuth spectrum is
AT is the resolution cell size in the range direction 7Y, is the incidence angle and b,, is the slant range resolution. A a is the resolution cell size in azimuth direction Au = A t . v.
( 1 1) Considering (8)- ( 11) we obtain the minimum cross section of the moving target (TT Carrying out the RDM for all the range bins of the range compressed raw data set, one gets its Doppler rate map, as Fig. 2 shows.
The detection and localization of the moving targets can simply be performed by searching through the areas with a Doppler rate deviation from the nominal value given by which is the characteristic of all stationary targets. Note that the moving target detection and localization is possible only when the following two conditions are fulfilled.
The moving target has at least a tangential velocity (UT # 0) or a radial acceleration ( 2 1~ # 0). so that the Doppler rate of (7) To avoid a false moving target detection, AD,,, has to be higher than the following threshold:
which ensures a false MTI probability less than 0.5%. cEt /At represents the standard deviation of the Doppler rate error (3) which has a normal probability density function.
The radar cross section of the moving target has to be high enough (12). An important advantage of this method is that the position of the target in the Doppler rate map depends on the real aperture characteristic of the radar antenna and does not suffer any azimuth shift due to the radial velocity of the moving target as in the SAR-image case. Also the problem of azimuth ambiguity of moving targets with high radial velocities is not present, as the RDM measures only the frequency shift, i.e., the time derivation of the Doppler frequency history. ?lR = -.
Ts,\ is approximately the maximum synthetic aperture time, deration (~R ( t ) 0). The maximum measurable
considering that the radar cross section of the moving target is quite constant during the illumination time (20) is known, the frequency shift limit can be set to P R F . Considering an unknown moving target we get: 
The minimum measurable radial velocity is (15) PRF A F m ( t ) = D m ( t ) .

I WT max -
The standard deviation of the radial velocity error is equal The minimum measurable tangential velocity corresponds to the quantization noise of (19) to the same condition of AD,;, (14):
where gvv is the standard deviation of the forward velocity
The standard deviation of the tangential velocity error is
The maximum measurable radial velocity is the velocity that the moving target crosses the azimuth spectrum swath Ns . A r within the time At error described by (4). the same of the forward velocity (18)
At '
The radial velocity V R of the moving target is evaluated through its linear range migration shown by the Doppler rate map. Considering an illumination geometry without squint, one obtains a range migration with only the quadratic term.
The moving target is not completely represented in the azimuth spectrum if it has a radial velocity higher than V R Furthermore the cross section of the moving target has to be higher than CTT described by (12).
Taking (15) and (7) into account, one gets the relationship for the maximum measurable radial acceleration for IV, -i i~( t ) l = 0.
IV. RESULTS
This procedure has been successfully tested off-line with the raw data of the E-SAR [8] . An experimental flight measurement with two passes was carried out in 1990: A car moved with a velocity of 100 km/h on the runway in Oberpfaffenhofen [9] . During pass I , the aircraft flew parallel to the car. During pass 2, the aircraft flew antiparallel to the car. The E-SAR had for this flight the following configuration. 
Tangential velocity:
C~J~, = 2.03 m / s (4);
Radial velocity:
The SAR-image of the same area is also shown in Fig. 2 . The car is the bright point on the left side of the runway and was moving approximately parallel to the flight direction, so that its SAR-image suffered mainly a smearing in azimuth direction.
The signature of the car can easily be found at approximately the same coordinates in the Doppler rate map and is marked with the number "1 ." The detection and localization of such a target using the Doppler rate map can be mechanized, since the area belonging to the car has a characteristic range migration shape and a different Doppler rate than the surrounding regions. The position of the car is approximately the "center of gravity" of its characteristic area. The length in azimuth direction of the target's signature is about 700 m and is longer than the maximum synthetic aperture of about 580 m for a range of 1950 m. This is due to the fact that the car is illuminated longer than the stationary targets as it moves parallel to the aircraft.
The mean Doppler rate of this area is -40.1 Hz/s. Considering c~ = 0, the tangential velocity is equal to 24. For pass 2, a raw data set of 43776 radar pulses was processed. Fig. 3 shows the SAR image and the Doppler rate map by carrying out the RDM between range bin 0 (1080 m range) and 306. The car can be found at approximately the same coordinates in the Doppler rate map and is marked with the number "1." As the car was moving antiparallel to the aircraft, its Doppler rate magnitude is higher than the Doppler rate of the surrounding area and is represented as a bright point in the Doppler rate map.
The Doppler rate of the car is -266 Hz/s and the mean Doppler rate of the surrounding area is -147 Hz/s. Considering i i~ z 0, the tangential velocity is equal to 23.1 m/s or 83.1 km/h. As the flight track is not perfectly parallel to the runway, there is a small radial velocity which can be observed through the linear range migration in the Doppler rate map. The azimuth length of the car's signature in the Doppler rate map is about 305 m and is shorter than the maximum synthetic aperture length of about 500 m for a range of 1080 m. This is due to the fact that the car is illuminated shorter than the stationary targets, as it moves antiparallel to the aircraft.
The accuracy of the tangential velocity measurement can be shown by analyzing the impulse response of the car in azimuth direction using different processing velocities V,. Considering pass 2, one has an aircraft's ground velocity equal to 67 m/s and a target's tangential velocity equal to 23.1 m l s . Fig. 4 shows the car's impulse response using 67 m l s and 90.1 m / s as processing velocities. The target's resolution at V, = 90.1 m l s matches with the theoretical resolution of 3 m.
The main feature of this method is the insensitiveness for the magnitude of the target's tangential and radial velocities.
For a typical airborne MTI application, tangential and radial velocities up to 600 kmlh can easily be detected. Reducing At. The method is easy to realize; only SAR raw data are necessary; only a one-channel radar system with a wide azimuth beam antenna is necessary. The along track interferometry and multichannel methods described in [3] , [lo] , [ 111 need a radar with a higher hardware effort than the RDM radar hardware. The RDM does not have the subclutter detection capability and the high localization and velocity accuracy of these multi-antenna MTI methods. Reference [ 2 ] cannot deliver both radial and tangential velocities with the same accuracy as the RDM. The RDM needs a short antenna in along track direction.
References [4] , [5] need a simpler radar hardware than the RDM but a much higher computation effort than the RDM because of the multilooking SAR processing and the Wigner Ville Distribution algorithm, respectively. The target's radial velocity component does not cause a displacement of the target in the Doppler rate map. Therefore, the goal given in the introduction has been reached. The method presented here seems to solve the problem of moving target indication with respect to detection, localization, and complete velocity estimation with SAR satisfactorily.
An important feature of this method is the real-time capability, which is shown in [6] . Presently, DLR is building up the hardware for the generation of Doppler rate maps in real time.
